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esté proyecto académico en busca de un mejor futuro, en persecución de los sueños que aún
no terminan.
Singing! “Now my feet won’t touch the ground”.
viii
Resumen
En Colombia, después de décadas de conflicto, se cree que muchas áreas geográficas están
contaminadas por Minas Antipersonal (MAP), Municiones sin Explosionar (MUSE), Arte-
factos Explosivos Improvisados (AEI) y otros artefactos explosivos. Las minas colocadas
por grupos armados se encuentran alrededor de las escuelas, las casas y caminos en zonas
rurales. En algunos casos sólo se establece la zona minada pero la ubicación exacta de las
minas es desconocida, esta situación genera un peligro latente para la población civil.
Una de las técnicas que usa las radiaciones nucleares y que está siendo investigada en
diferentes páıses en el campo de la detección de explosivos y desminado es la denominada
retrodispersión de neutrones térmicos (TNBT, por sus siglas en inglés). La TNBT se basa
en el hecho de que el objeto enterrado es rico en hidrógeno y por lo tanto si se encuentra
en un medio con diferentes contenidos de hidrógeno y se expone a una fuente de neutrones
rápidos, el número de neutrones térmicos retrodispersados producidos por el proceso de
moderación nos dará una señal de la que podemos inferir la presencia del objeto rico en
hidrógeno. La TNBT se ha utilizado en condiciones controladas para localizar objetos ricos
en hidrógeno enterrados, utilizando una fuente de neutrones rápidos y dos arreglos de detec-
tores de neutrones de 3He, también en diferentes tipos de suelo (arena y suelo franco o tierra
de cultivo) y diferentes contenidos de agua del suelo. Los resultados de los experimentos son
presentados con el propósito de mostrar las diferentes posibilidades de la ubicación de los
detectores, el número de detectores por conjunto, la dependencia con diferentes suelos y el
mejor rendimiento en el análisis de datos.





In Colombia, after decades of conflict, many geographical areas are believed to be con-
taminated by antipersonnel mines (MAP), Improvised Explosive Devices (IED) and other
explosive ordnance. Mines laid by non-state armed groups are found around schools, houses
and roads in rural areas. In some cases only the mined area is established however the
exactly location of mines is unknown, this situation generates a latent threat to the civilian
population.
One of the nuclear techniques that are being investigated in different countries in the field
of explosives detection and demining is the Thermal Neutron Backscattering Technique
(TNBT). The TNBT is based on the fact that the buried target is Hydrogen-rich and
therefore if it is in a media with different Hydrogen content and it is exposed to a fast
neutron source, the number of backscattered thermal neutrons produced by the moderation
process will give us a signal from which we can infer the presence of the Hydrogen-rich
target. The TNBT has been used in controlled conditions to locate buried hydrogen-rich
objects using a 252Cf fast neutron source and two 3He neutron detector arrays, also in differ-
ent types of soil (sand and farming soil). The results of experiments are presented with the
purpose of showing different possibilities of the detector arrays location, number of detec-
tors per array, dependence with different soils and the best performance in the data analysis.
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CHAPTER 1
Introduction
Explosive detection is an important field for technology development and an interesting
research field related with location and identification of different materials, for example
in a cargo container inspection or detection of threat materials. The explosive detection
involve different knowledge areas like engineering, physics and chemistry. In modern times,
many techniques have been investigated for the detection of explosives and ilicit chemicals.
The main impetus has been for military applications as M. Marshall shows in [1]. For
this purpose usually is being used transmission techniques which requires access to both
sides of the sample. If you don’t have access to both sides, for example buried objects,
you need use other methods like as nuclear techniques based on detection of backscattered
radiation. In the specific example of buried objects, we have interest in locate landmines and
Improvised Explosive Devices (IED) for humanitarian demining. In this case, the material
to be identified are mainly organic compounds.
The tools available to mine detection teams today largely resemble those used during
World War II. A deminer is equipped with a hand-held metal detector and a prodding
device, such as a pointed stick or screwdriver. The demining crew first clears a mined
area of vegetation and then divides it into lanes of about a meter wide. A deminer then
slowly advances down each lane while swinging the metal detector low to the ground. When
the detector signals the presence of an anomaly, a second deminer probes the suspected
area to determine whether it contains a buried mine. The overwhelming limitation of the
conventional process is that the metal detector finds every piece of metal scrap, without
providing information about whether the item is indeed a mine. The large number of false
alarms makes humanitarian mine detection slow, dangerous, and expensive process. [2]
In Section 1.1 will be made a review of the landmines situation in Colombia. In Section
1.2, the main techniques that use nuclear radiation for explosive detection will be described.
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1.1 Landmines situation in Colombia.
Antipersonnel mines remain a significant international threat to civilians despite recent in-
tense efforts by the United States, other developed countries, and humanitarian aid orga-
nizations to clear them from postconflict regions. Mines claim an estimated 15000-20000
victims per year in some 90 countries. They jeopardize the resumption of normal activities -
from subsistence farming to commercial enterprise- long after periods of conflict have ceased.
For example, in Afghanistan during 2000, mines claimed 150-300 victims per month, half of
them children. Although most of these mines were emplaced during the Soviet occupation
of Afghanistan, they continue to pose a serious risk to returning refugees and have placed
vast tracts of farmland off limits. [2]
In Colombia, after decades of conflict, many geographical areas are believed to be contam-
inated by mines, Improvised Explosive Devices (IED) and other explosive ordnance. Mines
laid by non-state armed groups are found around schools, houses and roads in rural areas.
In some cases only the mined area is established however the exactly location of mines is
unknown, this situation generates a latent threat to the civilian population.
Colombia is the second country with more landmine victims, 11485 victims in total
between 1990 and April of 2017 [3]. The victims are identified in two groups: public force
whit 7028 victims that correspond to 61.2% and civilians with 4457 victims that correspond
to 38.8%. The Figure 1.1 shows the victims statistics. This statistics were consulted with
a government agency called Dirección para la Acción Integral contra Minas Antipersonal,
DAICMA and are available online in the web page www.accioncontraminas.gov.co [3].
Figure 1.1: Landmine vic-
tims in Colombia between
1990 and 2017. Statis-
tics were consulted in













































Convention on the Prohibition of the Use, Stockpiling, Production and Transfer of Anti-
Personnel Mines and on their Destruction, the international agreement that bans antiper-
sonnel landmines, it is usually referred to as the Ottawa Convention or the Mine Ban Treaty
[4]. This Treaty bans the use of anti-personnel mines; as well as to develop, produce, acquire
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in any manner, stockpile, retain or transfer to anyone directly or indirectly anti-personnel
mines; help, encourage or induce, anyone in any manner to engage in any prohibited activity
to a State Party in accordance with the Convention. Each State Party also undertakes to
destroy or ensure the destruction of all anti-personnel mines. The intended purpose of the
Convention is to put an end to the suffering and human losses caused by anti-personnel mines.
State Parties carry out important efforts in the fields of mine clearance, mine risk education,
and victim assistance. Colombia as a State Party of the Mine Ban Convention, continues to
face challenges related to mine clearance as illegal armed groups constantly contaminate the
national territory. The Government of Colombia requested the Tenth Conference of States
Parties to the Convention, held in 2010, an extension to achieve the demining of the national
territory. This request was accepted, and an extension granted until the 1st March 2021 [5].
The efforts to achieve the demining of the national territory include authorize some
demining operators and social foundations to perform clearance operations. For example,
by the end of 2016, HALO Colombia had cleared a total of 86 minefields (311123 m2)
safely destroying 279 mines in the process [6], it is approximately 1 landmine per 1 km2,
using mainly metal detectors and excavation methods. Therefore, new methodologies and
advances in detection and location methods are required to achieve the total demining goal
at 2021.
1.2 Nuclear techniques for explosives detection
Research is under way to develop new detection methods that search for characteristics other
than metal content. The aim of these methods is to substantially reduce the false alarm rate
while maintaining a high probability of detection, thereby saving time and reducing the
chance of injury to the deminer. The explosives detection technologies include methods
based on electromagnetism, chemistry, biology and use of radiation (X-ray and nuclear)
[1, 2].
X-ray based material interrogation methods typically use X-ray interactions with the
electrons in a material to determine the material density and sometimes the average atomic
number. Nuclear-based interrogation methods involve probing the nucleus of an atom rather
than the electron cloud and open the possibility of using the isotope-specific nuclear cross
sections, the probability of an interaction, to ermine the elemental constituents in a material.
Nuclear-based interrogation approaches include, but are not restricted to, an interrogation
with neutrons as the probing radiation. An interaction with an atom in the test materials
is typically signaled to the detector as either a reduction in the transmission of the probing
radiation or by the detection of a secondary radiation associated with the nuclear interaction.
A number of nuclear-based interrogation approaches have been investigated with respect to
their potential for explosive detection. Some nuclear-based explosive detection algorithms use
a combination of detection algorithms to improve the accuracy of the material identification
[1].
One of the nuclear techniques that are being investigated in different countries in the
field of explosives detection and demining is Thermal Neutron Backscattering Technique,
4 CHAPTER 1. INTRODUCTION
TNBT, which is based in the fact that the buried target is Hydrogen-rich and therefore if it
is in a media with different Hydrogen content and it is exposed to a 252Cf fast neutron source,
the number of backscattered thermal neutrons produced by the moderation process will give
us a signal from which we can infer the presence of the Hydrogen-rich target, the TNBT
takes advantage of the fact that the most commercial explosives are organic compounds
containing nitro (-NO2), nitrate (-ONO2) and nitroamine (-NHNO2) groups. The TNBT
has been used in controlled conditions with extensive 3He detector arrays (four per array),
has been used in sand and different soil water content by A. Cruz [7].
First demonstration of landmine detection by neutron thermalization was reported by
Brooks et al. [8]. Although nuclear techniques like the TNBT have been studied before
[9, 10, 11, 12]. In the Nuclear Physics Group of Universidad Nacional de Colombia we
have been investigating different methods like as gamma ray backscattering images and
the TNBT. Special problems need to be understood as well as is necessary to study the
advantages, disadvantages and limits of the technique in the Colombian case. One of the
most important issues that have to be investigated is the soil moisture.
The use of TNBT in real or field conditions requires the minimization of electronic mod-
ules and experimental setup. The geometrical location of detectors is important for the
optimal technique development. Experiments are propose to study different possibilities of
the detector arrays location, number of detectors per array, dependence with different soils
and the best performance in the data analysis.
First, in Chapter 2, a review of the main concepts needed will be made, these concepts
include: models of the interaction of neutrons with matter, neutron sources, neutron de-
tection, a brief introduction about explosives and soil physical properties. In Chapter 3,
the experimental resources, the general properties of detection systems are described. The
results and data analysis of experiments are presented in the Chapter 4. Finally, in Chapter
5 the summary conclusions and a brief outlook are presented.
CHAPTER 2
Theoretical Background
Next sections describes the main concepts about neutron interaction with matter, experi-
mental neutron sources, general properties of neutron detection systems, details about the
explosives chemical composition and soil physical properties.
2.1 Neutron–matter interaction
The TNBT is based in the property of Hydrogen-rich materials to slow down efficiently a
neutron beam. Because neutrons do not carry electrical charge, they can penetrate most
materials deeper than other charged particles. Their main interaction mechanism with other
particles is through collisions and absorption, releasing other detectable particles. The inter-
action of neutrons with matter depends on its energy an of course on the properties of the
target. A theoretical background about neutron-matter interaction was found, for example,
in [13, 14, 15, 16, 17].
The relative probabilities of the various types of neutron interactions change dramatically
with neutron energy [13]. Neutrons are classified according to their kinetic energy En as [14]:
• Fast: En > 200 keV to a few MeV.
• Epithermal: 0.1 eV < En < 100 keV.
• Thermal: En ≈ kBTamb ≈ 140 eV≈ 0.025 eV.
• Cold or ultracold: meV to µeV.
The interaction of the incoming neutron with the nuclei of the target material may take
place through [14]:
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• Elastic scattering from nuclei, which is the principal energy loss mechanism of fast
neutrons.
• Inelastic scattering in which the target nucleus is left in an excited state which may
latter decay by γ-rays or other radiative emission.
• Radiative neutron capture, important at thermal energies.
• Other nuclear reactions: (n, particle), (n, d), (n, α).
• Fission
• High energy hadron shower production.
For neutrons of a fixed energy, the probability per unit path length is a constant for any
one of the interaction mechanisms.The cross section σ has been measured in units of the
barn (10−28 m2) [13]. The total cross section for a neutron interacting with matter will be
given by the sum of the individual cross sections for each kind of reaction:
σT = σelastic + σinelastic + σcapture + · · ·




NA · ρ · σT
where ρ and A are the mass density and the atomic weight of the target respectively and
NA is Avogadro’s number.
Like photons, the intensity of a beam of neutrons is exponentially attenuated when
passing trough matter. The number of neutrons N , traversing a material with thickness x
without any interaction is
N = N0 exp(−x/λ)
where N0 is the number of incident neutrons. It is custom to call µ = 1/λ the attenuation
coefficient and the ratio N/N0 the survival probability, that is to say the probability that
a neutron goes through the material without any interaction. This expression, however is
only useful assuming mono-energetic an parallel neutron beams [14]. In solid materials, λ
for slow neutrons (En ≤ 0.5 eV) may be of the order of a centimeter or less, whereas for fast
neutrons, it is normally tens of centimeters [13].
The reaction rate density (reactions per unit time and volume) is given by n(r)vσ, where
v is the fixed neutron velocity and n(r) is the neutron number density at the vector position
r, and ϕ(r) = n(r)v is defined as the neutron flux with dimensions of length−2 time −1.
Thus, the reaction rate density is given by the product of the neutron flux and the cross
section for the reaction of interest:
reaction rate density = ϕ(r)σ
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This relation can be generalized to include an energy-dependent neutron flux ϕ(r, E) and
cross section σ(E) [13]:




2.1.1 Moderation: slowing down of neutrons
The elastic scattering of neutrons by nuclei of the target material is the principal energy loss
mechanism of fast neutrons. The process of reaching thermal energies by elastic collisions
is known as moderation or thermalization [14, 16]. This reaction can be treated classically.
Figure 2.1 shows the kinematics of the elastic scattering of a neutron (mass m) with initial
velocity v0 in the laboratory system, colliding with a target nucleus (mass M) initially at



















Figure 2.1: Elastic scattering in the laboratory system and in the center of mass system.
Taking as mass unit the neutron mass (m = 1,M = A), the neutron and the nucleus
velocities in the center of mass (cm) system (~v′0 and ~V
′
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where θcm is the scattering angle in the center of mass system. The ratio of the neutron final
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E0 < E < E0.
The probability that the final energy should fall in the range E to E+dE is independent
of E, but depends only on the fractional energy change in the collision. To have an idea on
how many collisions, in average, a neutron will need to reach low or thermal energies, the





which is known as “lethargy change”. The average lethargy







which is energy independent. The average number of collisions to reduce the neutron energy











Table 2.1 shows the value of n̄ for different targets. The value of n̄ decreases when
the number of nucleons in the target increases. The minimum value for n̄ is obtained for
Hydrogen. A neutron beam will require less collisions to reach thermal energies interacting
in a Hydrogen-rich material or, in other words, hydrogen is the best moderator for fast
neutrons thus slowing them down and reducing the depth penetration of the neutrons [18].
Target (A) 1H (1) 4He 12C 238U
n̄ 17.5 41.1 110.9 2088.3
Table 2.1: Average number of collisions to reduce the neutron’s energy from 1 MeV to 0.025
eV for different targets [10].
2.2 Neutron sources
Neutrons are very valuable particles because of their ability to penetrate deeper in matter
as compared to charged particles. Production of free neutrons is therefore of high research
2.3. SLOW NEUTRON DETECTION AND MEASUREMENT 9
significance. The most important neutron sources available are: spallation sources, composite
sources, nuclear reactors, fusion sources and radioactive sources [13, 17].
There are no known naturally occurring isotopes that emit significant number of neutrons.
Practical isotope sources of neutrons do not exist in the same sense that γ-ray sources. The
possible choices for radioisotope neutron sources are much more limited and are based on
either spontaneous fission or on nuclear reactions for which the incident particle is the product
of a conventional decay process.
2.2.1 Spontaneous fission
Many of the transuranic heavy nuclides have an appreciable spontaneous fission decay prob-
ability. Several fast neutrons are promptly emitted in each fission event, so a sample of such
a radionuclide can be a simple and convenient isotopic neutron source.
The most common spontaneous fission source is Californium-252 (252Cf). The radioiso-
tope 252Cf is an intense neutron emitter that is routinely encapsulated in compact, cylindrical
source capsules. 252Cf is used commercially as a reliable, cost-effective neutron source for
prompt gamma neutron activation (PGNAA) of coal, cement and minerals, as well as for de-
tection and identification of explosives, landmines and unexploded military ordnance. Other
uses are neutron radiography, nuclear waste assays, reactor start-up sources, calibration
standards and cancer therapy [19]. The isotope is one of the most widely produced of all the
transuranics. The Figure 2.2 (a) shows the decay scheme of the 252Cf [20]. It has two de-
cay mechanisms: α-decay (96.908% probability) and spontaneous fission (3.11% probability)
with an overall half-life of 2.645 years and neutron emission of 2.314×106 s−1 µg−1, with a
specific activity of 0.536 mCi µg−1. The neutron energy spectrum, plotted in Figure 2.2 (b),
exhibits a Maxwellian shape, with most probable energy of 0.7 MeV, although a significant
yield of neutrons extends to as high as 8 or 10 MeV, and an average energy of 2.1 MeV [19].






For the spontaneous fission of 252Cf, the constant T = 1.3 MeV [14, 21]. The dose
equivalent rate from 1 µg of 252Cf at 1 m in air is 0.0221 mSv h−1 (2.21 mrem h−1) from fast
neutrons plus 0.0019 mSv h−1 from gamma rays [19].
The information contained within a 252Cf γ−ray spectrum was identified in [22].
2.3 Slow neutron detection and measurement
The operation principle of all detectors is the same, in general the radiation leaves all or
part of its energy in the mass of the detector where it is transformed in another form, a
charge or voltage signal. For charged particles, the interaction with the detector volume
consists of ionization of atoms of the material. Neutral particles as neutrons or γ-rays, must
first undergo some kind of reaction inside the detector in order to create charged particles




























Figure 2.2: (a) Decay scheme of the 252Cf [20]. (b) Neutron energy spectrum emitted by
252Cf [21]. The form of the spectrum can be described by a Maxwellian distribution (See
Eq. (2.1)) [14].
to ionize the atoms. The particular way of collecting this ionized charge depends on the
material of the detector and in its design.
Neutrons are generally detected through nuclear reactions that result in prompt energetic
charged particles such as protons, alpha particles, and so on. Because the cross section for
neutron interactions in most materials is a strong function of neutron energy, rather different
techniques have been developed for neutron detection in different energy regions. The slow
neutron region is distinguished from intermediate and fast neutrons with energies above
0.5 eV. Slow neutrons are of particular significance in nuclear reactors and much of the
instrumentation that has been developed for this energy region is aimed at the measurement
of reactor neutron flux.
Several factors must be considered for nuclear reactions that might be useful in neutron
detection:
• The cross section for the reaction must be as large as possible so that efficient detectors
can be built with small dimensions.
• The target nuclide should either be of high isotopic abundance in the natural element
or an economic source of artificially enriched samples should be available for detector
fabrication.
• Intense fields of gamma rays are also found with neutrons and the choice of reaction
bears on the ability to discriminate against these gamma rays in the detection process.
The common reactions used to detect slow neutrons result in heavy charged particles.
Possible reaction products are:
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All the conversion reactions are sufficiently exothermic so that the kinetic energy of the
reaction products is determined solely by the Q-value or the reaction and does not reflect
the very small incoming energy of the slow neutron. Figure 2.3 is a plot of cross sections
versus neutron energy for a number of nuclear reactions of interest in neutron detection. The
cross-section value drops rapidly with increasing neutron energy and is proportional to 1/v
(the reciprocal of the neutron velocity) over much of the range. This values were consulted
with International Atomic Energy Agency (IAEA) and National Institute of Standards and


















Figure 2.3: Cross section versus neutron energy for some reactions of interest in neutron
detection. Data from IAEA and NIST web pages [23, 24].
2.3.1 The 3He proportional counter
The gas 3He is also widely used as a detection medium for neutrons through the reaction








For reactions induced by slow neutrons, the Q-value of 764 keV leads to oppositely directed
reaction products with energies
Ep = 0.573 MeV and E3H = 0.191 MeV (2.4)
The thermal neutron cross section for this reaction is 5330 barns, significantly higher
than that for the boron reaction (3840 barns). Although 3He is commercially available,
its relatively high cost and limited supply are factors in some applications. The usual
implementation is as the fill gas in a proportional counter. 3He of sufficient purity will act
as an acceptable proportional gas.
One of the problems is the wall effect. In a large detector, one would expect each thermal
neutron reaction to deposit 764 keV in the form of kinetic energy of the Triton and proton
reaction products. Because the range of these reaction products in not always small compared
with the dimensions of the proportional tube, however, the wall effect can be important for
3He proportional counters. If the reaction takes place close to the wall of the detector, there
is a high probability that only a fraction of the charged-particle energy will be deposited
in the detector. As a result, smaller size pulses are produced which do not come under the
main peak. The efficiency of the detector can be increased by increasing the pressure. The
pressure of the 3He is usually between 404 and 1010 kPa (4-10 atmosphere), and operating
voltage is 3000-5000 V [13, 15].
2.4 Fundamentals of explosives
An introductory review about explosives can be found on [1]. We are interest in the mainly
composition of the explosives. Explosives are classed as primary or secondary. Typically, a
small quantity of a primary explosive would be used in a detonator, whereas larger quan-
tities of secondary explosives are used in the booster and the main charge of the device.
The chemical structures, of some common explosives, include the nitrate esters such as
nitrocellulose (NC), NG, EGDN, and (PETN); nitroarenes such as trinitrotoluene (TNT,
CH3–C6H2(NO2)3), picric acid (HO–C6H2(NO2)3), and 2,4,6-trinitrophenylmethylnitramine
(tetryl); and nitramines such as RDX (C3H6N6O6), HMX (C4H8N8O8), and hexanitrohexa-
azaisowurtzitane (CL–20). Mixtures of oxidizers and fuels, such AN and FO (called ANFO),
are also secondary explosive [1]. Table 2.2 lists the chemical properties of some relevant
explosives.
Military explosives typical contain only the atoms of carbon (C), hydrogen (H), oxygen
(O) and nitrogen (N). The reason of this is found in the performance of these chemicals.
Today the most common military explosives are HMX, PENT, RDX and TNT [1].
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Explosive Density (g/cm3) Nitrogen (%) Oxygen (%)
TMD Bulk
Nitromethane 1.1 (liquid) 22.9 52.3
PETN 1.76 17.7 60.7
Tetryl 1.73 24.4 44.6
Picric acid 1.77 18.3 48.9
TNT 1.65 18.5 42.3
RDX 1.82 37.8.3 43.2
HMX 1.96 37.8 43.2
NG 1.6 (liquid) 18.5 63.4
AN 1.72 0.8 35.0 60.0
TATP 1.2 0 43.2
HMTD 1.6 13.5 46.1
UN 1.59 34.1 52.0
Table 2.2: Chemical properties of some explosives [1].
AN, ammonium nitrate; HMTD, hexamethylene triperoxide diamine; HMX, C4H8N8O8; NG, nitroglycerine;
PETN, pentaerythritol tetranitrate; RDX, C3H6N6O6; TATP, triacetone triperoxide; TNT, trinitrotoluene;
UN, urea nitrate; TMD, theoretical maximum density.
2.5 Soil physical properties
Soil is a heterogeneous porous system composed by three natural phases: the solid phase or
the soil matrix (formed by mineral particles and solid organic materials); the liquid phase,
which is often represented by water and which could more properly be called the soil solution;
and the gaseous phase, which contains air and other gases [25, 26] . This three-phase system
is characterized by physical properties, some of which are described below.
Solid minerals in soil may make up to 95% of the soil material and determine many of the
soil properties. Minerals in soil are generally divided as primary and secondary minerals and
they can make up to 99% by weight of the solid component of the soil. Organic components
may make up to 7% of soil mass. The main source of organic matter in soil is from biota and
metabolic activities in the rhizosphere, including root growth and natural decay of the root
systems, soil heterotrophs and from plant litter on the surface. Soil organic matter also shows
a great deal of variability in its chemical composition. Soil water, located in the soil pore
space, together with dissolved salts, dissolved organic matter, gases and dispersed substances
from various source is defined as the soil solution.This is the most dynamic constituent of the
soil. Knowledge of the water content in soil, and more specifically the amount of hydrogen
in soil is important because hydrogen will absorb very effectively thermal neutrons thus
reducing the flux. The gaseous phase in soil occupies the pore space and is referred to as
the soil air. The main constituents of the soil air are: CO2, H2O (vapor), O2 and N2, while
other gases such as H2S, H2, CH4, SO2 and many other gases can be encountered, and their
presence will depend on the soil conditions. [18]
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2.5.1 Soil density
As part of the total volume occupied by soil may be water or air, it is useful to define two
different densities to characterize a soil sample [25]. In first place we have the bulk or dry







Vs + Vl + Vg
, (2.5)
where Ms is the mass of the solid phase, Vt is the total volume of the sample and Vs, Vl and
Vg represent the volume of solids, liquids and gases respectively. To take into account the






Vs + Vl + Vg
, (2.6)
where Mt is the total mass of the sample and Ml is the mass of the liquid phase. Here we
assume that the mass of air is negligible.
The wet density of a sample of soil is obtained by measuring or calculating the total mass of
the sample and its total volume. The accuracy of the result depends on the methods used
to measure the mass and the volume. To obtain the bulk density, the sample is placed in an
oven at 105℃ for approximately 24 hours to evaporate the liquid phase and obtain the mass
of the solid phase.
2.5.2 Water content
Several fields of science require knowledge of the amount of water contained in a particular
soil volume. This is called the water content. The water content strongly depends on the
soil porosity and climate [18]. It may be defined in two different ways: Gravimetric or
volumetric. The gravimetric water content is expressed as a relation between the mass of





The volumetric water content is given by the relation between the volume occupied by the








where ρwater is the density of the water. The conversion between gravimetric and volumetric
water contents requires knowledge of the bulk density of the soil. The standard method to
determine the gravimetric water content of a sample is thermogravimetry. This is a direct
method, in which a soil sub-sample is weighed before and after being dried in an oven.
The conventional protocol is to warm the samples at 105 ℃ until the soil mass becomes
stable. This process usually requires 24 to 48 hours, depending on the sample size and soil
2.5. SOIL PHYSICAL PROPERTIES 15
characteristics. The differences between the mass of the wet and the dry sample is the mass
of water in the original sample. Although there are other methods to measure the water
content of soil, as the neutron scattering and electric resistance methods, thermogravimetry
is the one used to calibrate the indirect techniques.
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CHAPTER 3
Thermal Neutron Backscattering Technique
The method used in this work has been thoroughly explained by Brooks [8] and A. Cruz [7].
For completeness purposes we give in this Chapter a short description of its features along
with specific details of our equipment. Concepts that have been explained in the previous
chapter will be used to describe the experimental setup of the TNBT. This description
include the instrumentation used, the data analysis procedure to get the landmine location,
and details about the experiments made.
3.1 Experimental setup
The Applied Nuclear Physics Laboratory at Universidad Nacional de Colombia is equipped
with the instrumentation and software needed to do the research in this field by experiments
as well as by simulations. Recently we were beneficiaries by Vicerrectoŕıa de Investigación y
Extensión through financing of the Convocatoria del programa nacional de proyectos para el
fortalecimiento de la investigación, la creación y la innovación en posgrados de la Univer-
sidad Nacional de Colombia 2013-2015, Modalidad 3: Proyectos de investigación, creación
o innovación en desarrollo. This resources allowed the improvement of the experimental
setup. Details about use of this resources are contained in Appendix A.
The experimental setup is sketched in Figure 3.1. Several 3He detectors distributed
symmetrically in two arrays (A and B), and a 252Cf fast neutron source are placed above a
wooden box filled with soil in which an object is buried at certain depth d. The detector
arrays A and B and the neutron source move together along a path parallel to the soil surface
(x coordinate). A neutron being emitted by the source, interacts and finally is detected at
detector. The distance between the lower side of the detectors and the surface of the soil was
fixed at z = 3 cm as a possible value to be used with a portable sensor in field measurements.
Some parameters were varied:
17
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• Distance a between detector array: measured between the detectors that are closer to
the radioactive source.
• Depth d at which the IED is buried: it is typically 0, 5, 10 or 15 cm.
• Number of detectors per array: possible combinations are 4, 3, 2 and 1 detectors per
array.
• Soil: farming soil or sand.
252Cf n-source
3He+Ar n-detectors
r = 1.25 cm
x0z x
a





Figure 3.1: TNBT setup for the detection of a buried hydrogen-rich object. A neutron (green
line) being emitted by the source, interacting and finally being detected at the detector.
3.1.1 252Cf neutron source
A fast neutron source of 252Cf, fabricated by QSA Global, Inc. [27], was used for the
experiments. The activity of this radioactive source is 10 MBq (268 µCi) on Dec. 2016.
This source emitted 1.02 ×106 n/s (at Jan. 24, 2017). Table 3.1 contains the general
properties of the radioactive source used in the experiments. For further details, general
specifications and quality control, the datasheet can be found in Appendix B, page 53.
Quantity 252Cf content: 0.5µg
Specific activity 10 MBq
268 µCi
Netrons emission 1.02× 106 n/s
Average neutron energy (〈En〉) 2 MeV
Table 3.1: General properties of the radioactive source used in the experiments [28].
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3.1.2 Cylindrical 3He neutron detector
In the Laboratory ten (10) 3He cylindrical neutron detectors, model LND252228 [29], are
available. These detectors are sensitive to thermal neutrons and general specifications can
be found in Appendix B, page 55. The gas is a mixture: 3He (75%) and Ar (25%); the
effective volume is 101.2 cm3. Each one of the detectors was characterized because in the
experimental method the arrays of detectors are considered identical. This characterization
is useful to know the detection efficiency [30]. Figure 3.2 shows the experimental response
to different operating voltage. The curve obtained for the LND counter, with 5 atm (3800
torr) gas pressure, shows the detector operation in the proportional counter region [14]. The






















Counter High Voltage (V)
Figure 3.2: Experimental response of 3He detector to different operating voltage. The de-
tector operates in the proportional counter region.
The number of backscattered thermal neutrons produced by the moderation process will
give us a signal from which we can infer the presence of the hydrogen-rich target. Figure
3.4 shows two spectra obtained with a detector placed above the surface of the soil with
and without the simulated explosive. The signal is larger when an hydrogen-rich object is
present. The absorption of the thermal neutrons by the 3He(n, p)3H reaction gives rise to
a proton and a Triton with kinetic energies of 573 and 191 keV respectively, emitted in
opposite directions. Only if both particles are stopped within the sensitive volume of the
counter is the magnitude of the resultant current pulse proportional to 764 keV. In the event





















Figure 3.3: Relative efficiency for 3He detectors.
that one, or both particles strike the cathode or enter the non-sensitive volume at the ends




















Figure 3.4: Pulse height distribution for thermal neutrons 3He proportional counter. The
signal is larger when a hydrogen-rich object is closer to both neutron source and detector.
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3.1.3 Electronic setup
Once the charge produced by the radiation inside the detector is collected, it is necessary to
convert it into a signal that can be processed by humans in order to extract the information
carried by each pulse. This process is carried out by a sequence of electronic modules that
can be analog or digital. The electronic setup consists of NIM (Nuclear Instrument Module)
instrumentation: high voltage source, mesytec electronic modules for neutron detection and
the computational software for control and data acquisition [32]. Figure 3.5 shows the block
diagram of the electronic configuration. The detector tubes are connected to mesytec’s NIM
module labeled MSTD-16 wich provides the high voltage through the NHQ-203M HV supply
module and collects the signal that come from them. The voltage used in the experiments
was 1350 V. The MSTD-16 module is connected per fast serial bus to transmit the data to
the central NIM-module, the MCPD-2 (mesytec central processing device). The event bus
is physically a BNC koax wire. The MCPD-2 buffers the data and transmits it via Ethernet
to a PC. The Mesydaq software runs on Linux and handles the incoming data, configuration


























Figure 3.5: Block diagram of the electronic configuration of TNBT experiments.
Figure 3.6 shows the total number of counts per second registered using each of the fifteen
(15) available channels in the MSTD-16 module. The operating voltage was 1350 V.
3.2 Buried objects and soil description
The Applied Nuclear Physics Laboratory is equipped with two simulant explosives labeled
DLM2 (Dummy Land Mine 2) and MAP2 (Mina Anti-Persona). The DML2 was provided
by the University of Cape Town (Rondebosch, South Africa) and donated by IAEA. It
consists of 100 g of a TNT simulant inside an acrylic (polymethylmethacrylate) container
of 100 g. The MAP2 is an IED deactivated, it was provided by Colombian Military Forces.
The MAP2 is a jar made of cylindrical section of a PVC pipe and contain approximately
200 g of pentolite. The stoichiometry of its contents is on the Table 3.2.
Note that the explosive materials listed contain various concentrations of essentially Hy-
drogen, Carbon, Oxygen and Nitrogen.













Figure 3.6: Number of counts per second registered using each of the fifteen (15) available















Figure 3.7: DLM2: Dummy Land Mine: 100 g of a TNT simulant inside an acrylic (poly-
methylmethacrylate) container of 100 g. MAP2: Mina Anti-Persona (devoid of detonator)
a jar made of cylindrical section of a PVC pipe and contain approximately 200 g of pentolite.
Sketch by D. Flechas in [33].
Soil description
The soil composition is different for sand and farming soil: for example the sand is 96 % SiO2
but the farming soil only 60 % is SiO2. In farming soil other compounds have an important
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PVC (polyvinyl chloride) (C2H3Cl)n
Table 3.2: Stoichiometric composition of the materials used in the IED’s manufacture.
percentage. A summary of main soil compounds are listed in Table 3.3. A complete list of
compounds, determinations were made by X-ray Fluorescence, can be found in Appendix B,
pages 56 and 57.
Sand Farming soil
SiO2 96.2 % 60.6 %
Al2O3 1.2 % 12.9 %
Fe2O3 0.19 % 2.4 %
CaO 0.05 % 1.5 %
MgO – 0.7 %
TiO2 0.23 % 0.57 %
Table 3.3: Multielemental composition of the soil types used in experiments were obteined
by X-ray Fluorescence.
The composites shown in the Table 3.2 are for comparison with the typical contents for
sand and farming soil listed in the Table 3.3. In contrast to explosive materials, most of the
soil components are much heavier elements than H, N and C. This is the reason why the
TNBT is useful to locate IED.
3.3 Data analysis
The location of the IED is achieved by analyzing the signals from each detector array. The
method of analysis was proposed by Brooks and Drosg [8, 12]. The expected response
of TNBT in the presence of a hydrogen-rich object located at some depth at horizontal
coordinate x0 is sketched in Figure 3.8. When the detector A approaches the mine, the
intensity is built by contributions from each detector, larger with smaller distance. Once
the mine has reached the middle point between the source and a given detector, that given
detector produces its maximum contribution and starts decreasing. In the supposition that
both arrays are identical, the corresponding neutron yield functions A(x) and B(x) are
represented by identical gaussians, lying over the same background YB, with amplitude Y0,
standard deviation σ, and centroids s at equal distance but opposite sides of the landmine’s
horizontal position. The functional form is write in equation (3.1).






















Distance to reference position x0
Figure 3.8: Each detector array generates a signal of backscattered neutrons depending on













3.3. DATA ANALYSIS 25
The value of YB depends on properties of the soil, in particular on the water content and
the value of Y0 on properties of the mine. The determination of the horizontal position of
the mine is achieved by constructing the difference between the signal of array A and the
signal of array B to produce the curve
D(x) = A(x)−B(x) (3.2)
as displayed in Figure 3.8. D(x) is constructed with the only purpose of extracting the
position x0. The position x0 in wich D(x0) goes from positive to negative values, marks the
position in wich the hydrogen-rich object is buried [8].
The experimental data were recorded in text files and managed with Python scripts to
extract the information of interest.
Error propagation
In typical applications, one is seldom interested in the unprocessed data consisting of the
number of counts over a particular time interval. More often the data are processed through
multiplication, addition, or other functional manipulation to arrive at a derived number of
more immediate interest. The values that are produced by these processing steps will be
distributed in a way that is dependent on both the original distribution and the types of
operations carried out.
If x, y, z . . . are directly measured counts of related variables for wich we know σx, σy, σz, . . .

















σ2z + · · · (3.3)
where u = u(x, y, z, . . . ) represents the derived quantity. Equation (3.3) is generally
known as the error propagation formula and is applicable to almost all situations in nuclear
measurements. [13]
If we define
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The TNBT description and data analysis introduced in Chapter 3 were used for the devel-
opment of the experiments presented in this Chapter. In the following sections the main
experimental results obtained are shown. The results presented and the data analysis used
to determine below allow quantification of TNBT response in different conditions:
1. Number of detectors per array keeping fixed distance a between arrays A and B.
2. Different distance a between detector arrays by keeping fixed the number of detectors
in each array A and B.
3. Approximate location of two different IED (DLM2 and MAP2) placed at a depth d
and the comparison of the results obtained in both cases.
4.1 Number of detectors per array
Humanitarian demining is an activity that occurs in different geographical areas and the soil
composition in each of these areas can be different. The first experiment characterizes the
TNBT response to the farming soil without buried object. Arrays A and B have the same
number of detectors in each experiment. The number of detectors per array is 4, 3, 2 or
1 detector. The distance between arrays A and B is a = 3.5 cm. The experimental setup
moves along a path parallel to the soil surface and data are acquired for thirteen (13) different
positions x, the distance between the positions is 5 cm. These positions are measured from a
reference point, x0 = 0 cm, in which the IED is placed for subsequent experiments. At each
point the data acquisition is performed for a time of 10 s. The soil water content, determined
using the gravimetric method, is θm = 4%. The intensity YB (see Figure 3.8) for different
positions inside soil box was determined. Figure 4.1 shows the results obtained for detector
arrays A and B.
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Figure 4.1: Intensity YB for different positions along the x path in farming soil box using
different number of detectors per array.
Figure 4.1 shows that for a given number of detectors, the number of counts is a distinc-
tive characteristic. This allows to quantify the intensity YB whose average data values are
represented by the horizontal lines in the Figure. In the experiments with a buried object
the value of YB is considered like the reference to characterize the intensity Y0 (see Figure
3.8).
Figure 4.2 shows the value of YB/YB(1detector) as a function of the number of detectors
in each array. The intensity YB is proportional to the number of detectors per array. The
reference value is the number of counts registered when each array use only one detector.
If we use two detectors per array the number of counts is greater by a factor of 1.81(1).
For three detector per array the factor is 2.54(1). For four detectors per array the factor is




= 0.27(3) + 0.75(1)× Number of detectors (4.1)
For this work the buried objects are the DLM2 and MAP2 (both described in Section
3.2). The following experiments characterize the TNBT response with the objects placed at
d = 0 cm in farming soil.
Figure 4.3 shows the results obtained for DLM2. The Figure shows the response A(x)


















Number of detectors per array
Figure 4.2: YB/YB(1detector) as a function of the number of detectors in each array. Intensity
YB is proportional to the number of detectors per array.
and B(x) of both arrays to DLM2 and the intensity YB for each detectors array (horizontal
lines). Solid lines for A(x) and B(x) correspond to the expressions given by Equation (3.1).
The TNBT response is proportional to the number of detectors per array. In all four cases,
the intensity of the signals is greater than the background intensity YB, the main signal
variation occurs between positions −20 < x(cm) < 20 where the buried object is present.
This fact is confirmed in the Figure 4.3 b) that shows the result for D(x) = A(x) − B(x)
using different number of detectors per array. The position xexp0 in wich D(x
exp
0 ) = 0 and the
difference signal D(x) goes from positive to negative values, marks the location in wich the
DLM2 is placed. The xexp0 value was obtained from the D(x) fitting, some examples will be
presented in the Section 4.3.
Figure 4.4 shows the results obtained for MAP2. The Figure shows the response A(x)
and B(x) of both arrays to MAP2 and the intensity YB for each detectors array (horizontal
lines). The TNBT response is proportional to the number of detectors per array. Solid lines
for A(x) and B(x) correspond to the expressions given by Equation (3.1) but with lower
intensities in positions near to x0, the signals A(x) and B(x) are lower than signals obtained
for DLM2. This kind of TNBT response was observed by A. Cruz in simulations for DLM2
placed in sand with water content values θm > 42% [7]. In this case the water content of the
farming soil is θm = 4%, therefore the signal must be produce by MAP2. The main signal
variation occurs between positions −20 < x(cm) < 20 where the buried object is present.
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This fact is confirmed in the Figure 4.4 b) that shows the result for D(x) = A(x) − B(x)
using different number of detectors per array. The position xexp0 in wich D(x
exp
0 ) = 0 and
the difference signal D(x) goes from positive to negative values, marks the location in wich
the MAP2 is placed.
The comparison for the signals obtained for DLM2 (Fig. 4.3) and MAP2 (Fig. 4.4)
indicates the differences of the objects. DLM2 is a well characterized object because was
manufactured for this type of test. However, the MAP2 is not a characterized object.
The explosive material distribution inside of container is not known. The results obtained
indicates that the thermalization process near the MAP2 is different. The average number
of low-Z elements in the MAP2 is lower than the same average in soil. Because of this,
the number of thermalized neutrons are lower around the MAP2 than anywhere else. This
explain the lower intensity for A(x) and B(x) near to position x0 in Figure 4.4.
The intensity D(x) is proportional to the number of detectors per array for both DLM2
and MAP2. The location of the objects are possible using different number of detectors per
array.
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Figure 4.3: TNBT for DLM2 placed at d = 0 cm in farming soil using different number of
detectors per array. a) A(x) and B(x) signals. Horizontal lines correspond to background
intensity YB (see Figure 4.1). b) Counts difference D(x) for each experiment.
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Figure 4.4: TNBT for MAP2 placed at d = 0 cm in farming soil using different number of
detectors per array. a) A(x) and B(x) signals. Horizontal lines correspond to background
intensity YB (see Figure 4.1). b) Counts difference D(x) for each experiment.
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4.2 Distance between detectors arrays
Results presented in this section correspond to the TNBT response to the farming soil when
the distance a between detectors array is modified. The first experiment characterizes the
TNBT response to the farming soil without buried object. Arrays A and B have the same
number of detectors in each experiment, the number of detectors per array was 2. The
distances between arrays A and B are a = 3.5, 8.6, and 13.7 cm. The distance a = 3.5 cm
corresponds to the minimum possible distance, i.e. the detectors are as close as possible to the
radioactive source. The distance increases in steps of 5.1 cm, this magnitude corresponds
to the diameter of the detectors (2.54 cm) and corresponds to the position of the next
detector in each arrangement. The experimental setup moves along a path parallel to the
soil surface and data are acquired for thirteen (13) different positions x, the distance between
the positions is 5 cm. These positions are measured from a reference point, x0 = 0 cm, in
which the IED is placed for subsequent experiments. At each point the data acquisition
is performed for a time of 10 s. The soil water content, determined using the gravimetric
method, is θm = 4%. The intensity YB (see Figure 3.8) for different positions inside the soil
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Figure 4.5: Intensity YB for different positions inside the soil box for different distance a
between arrays, using 2 detectors per array.
Figure 4.5 shows that for a given distance a, the number of counts is a distinctive charac-
teristic. This allows to quantify the intensity YB whose average data values are represented
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Distance between detectors array: a (cm)
Figure 4.6: YB/YB(a = 3.5 cm) as a function of the distance a between arrays. Intensity YB
is inversely proportional to the distance a.
Figure 4.6 shows the value of YB/YB(a = 3.5 cm) as a function of the distance a between
detectors array. The intensity YB is inversely proportional to the distance a. The reference
value is the number of counts registered when a = 3.5 cm. For a = 8.6 cm the intensity YB
decrease approximately 15% respect to the reference value. For a = 13.7 cm, YB decreases
20% respect to reference value.
The following experiments allow to characterize the TNBT response with the objects
placed at d = 0 cm in farming soil at position x0 = 0 cm. The soil water content is
θm = 4%. Arrays A and B have the same number of detectors, 2 per array. The distances
between arrays A and B are a = 3.5, 8.6, and 13.7 cm. At each point the data acquisition
is performed for a time of 10 s.
Figure 4.7 shows the results obtained for the DLM2. The Figure shows the response A(x)
and B(x) of both arrays to DLM2 and the intensity YB for each detectors array (horizontal
lines). Solid lines for A(x) and B(x) correspond to the expressions given by Equation (3.1).
The TNBT response is inversely proportional to the distance between detectors array, for
a smaller distance a between the detectors array there is a greater intensity of the signals
A(x) and B(x). In all four cases, the intensity of the signals is greater than the background
intensity YB, the main signal variation occurs between positions −20 < x(cm) < 20 where
the buried object is present. This fact is confirmed in the Figure 4.7 b) that shows the result
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for D(x) = A(x)−B(x) with different distance a.
Figure 4.8 shows the results obtained for the MAP2. The Figure shows the response A(x)
and B(x) of both arrays to MAP2 and the intensity YB for each detectors array (horizontal
lines). Solid lines for A(x) and B(x) correspond to the expressions given by Equation (3.1).
The TNBT response is inversely proportional to the distance between detectors array, for a
smaller distance a between the detectors array there is a greater intensity of the signals A(x)
and B(x). Solid lines for A(x) and B(x) correspond to the expressions given by Equation
(3.1) but with lower intensities in positions near to x0, the signals A(x) and B(x) are lower
than the signals obtained for DLM2. The main signal variation occurs between positions
−20 < x(cm) < 20 where the buried object is present. This fact is confirmed in the Figure
4.4 b) that shows the result for D(x) = A(x)−B(x) using different number of detectors per
array.
The intensity D(x) is inversely proportional to the distance a between detectors array
for both DLM2 and MAP2. The location of the objects are possible using different distance
a between arrays. However, it is observed that for a greater distance between the detectors
the asymmetry of the signals A(x) and B(x) increases. This fact is evident in the results
obtained for MAP2.
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Figure 4.7: TNBT for DLM2 placed at d = 0 cm in farming soil with different distance
a between arrays, using 2 detectors per array. a) A(x) and B(x) signals. Horizontal lines
correspond to background intensity YB (see Figure 4.5). b) Counts difference D(x) for each
experiment.
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Figure 4.8: TNBT for MAP2 placed at d = 0 cm in farming soil with different distance
a between arrays, using 2 detectors per array. a) A(x) and B(x) signals. Horizontal lines
correspond to background intensity YB (see Figure 4.5). b) Counts difference D(x) for each
experiment.
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4.3 Buried object location
In this section the experimental results and analysis to determine the IED location are
presented. The IED is placed at depth d = 0 cm. The number of detectors are four (4) per
array. The distance a = 3.5 cm. The experimental setup is moved on the soil and data are
acquired for thirteen (13) different positions x, the distance between the positions is 5 cm.
These positions are measured from a reference point, x0 = 0 cm, in which the IED is placed.
At each point the data acquisition is performed for a time of 10 s. The soil water content is
θm = 4%. Figure 4.9 shows the results for both DLM2 (blue) and MAP2 (green), also the
corresponding YB value (red).
An important observation is that in the presence of the object the minimum value of
Y0(x) is not equal to the Y0(x) for both DLM2 and MAP2. In the case of DLM2 the array A
registered a larger number of counts than array B. A possible explanation is that array A is
closer than array B to the box containing sand in the laboratory (the laboratory schematic
plane can be found in Appendix A, Figure A.3). Although in the results shown in the figures
4.1 and 4.5 this difference is not observed, in the presence of an object the differences are
significative.
The IED location is determined following the procedure explained in Section 3.3. The
main signal variation occurs between positions −20 < x(cm) < 20 where the buried object
is present. This fact is confirmed in the Figure 4.9 b) that shows the result for D(x) =
A(x)−B(x) for both DLM2 and MAP2. The first approximation to the object location is the
physical space between the two maximal intensities. The position xexp0 in wich D(x
exp
0 ) = 0
and the difference signal D(x) goes from positive to negative values for DLM2 and from
negative to positive for MAP2, marks the location in wich the IED is placed. The xexp0
value was obtained from the D(x) fitting. The results presented showed that x0 6= xexp0 . It
is observed that the magnitude of D(x) is not necessarily equal to zero on this axis, this
may be due to the fact that the IED or the explosive material inside is not geometrically
symmetric, this is a possible explanation that the distribution for the MAP2 (green) is not
symmetric.
The IED location using the fit parameters are shown in Table 4.1.
Parameter DLM2 MAP2
D0(×102 counts) 15(2) 20(3)
xexp0 (cm) 1.5(4) -2.3(3)
σ0 (cm) 5.8(1) 5.8(1)
s (cm) 1.1(1) 2.4(1)
Table 4.1: D(x) fit parameters for DLM2 and MAP2 placed at d = 0 cm. Corresponds to
the results shown in Figure 4.9
The parameter x0 in both cases give a good prediction of the x position of the IED. The
parameters in Table 4.1 change as a function of the geometrical parameters.
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Figure 4.9: TNBT for DLM2 (blue) and MAP2 (green) placed at d = 0 cm in farming soil.
a) Total counts in the arrays A(x) and B(x). Red line corresponds to background intensity
YB. b) Counts difference D(x) for both DLM2 and MAP2.
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4.3.1 Depth dependence
The IED location is of particular interest because it improves the understanding of what
can be found in field tests with a prototype that uses the TNBT to locate objects. Objects
such as MAP2 are not part of an industrial production and therefore their characterization
is not general, however it allows the realization of experiments with a real object and allows
to evaluate the TNBT response to scenarios that can be found in a test field for the location
of explosives.
MAP2 was placed at depth d = 0.0, 5.0, or 10.0 cm. Figures 4.10, 4.11 and 4.12 show
the experimental results obtained with TNBT setup to changes in the depth d for MAP2.
The number of counts decreases as the MAP2 go deeper into the soil box. The number of
thermalized neutrons will be attenuated in the way to explosive and in their way back to the
detectors, this explain the intensity decrease when the object is placed at depths d > 0 cm.
In all cases the array A and B registered a different number of counts, this may be to the fact
that the IED or the explosive material inside is not geometrically symmetric, in the presence
of an object the differences are significative. Other possible explanation is that array A is
closer than array B to the box containing sand in the laboratory (see Appendix A, Figure
A.3). For all depths the main signal variation occurs between positions −20 < x(cm) < 20
when the buried object is present. This fact is confirmed in the part b) of figures that show
the result for D(x) = A(x)−B(x) using different number of detectors per array. The position
xexp0 in wich D(x
exp
0 ) = 0 and the difference signal D(x) goes from negative to positive marks
the location in wich the MAP2 is placed. The xexp0 values are different for the three depth
d studied. For all depths the difference function can be fitted to D(x) obtaining a non zero
amplitude, this means that the MAP2 could be detected at this depth with an acquisition
time of 10 s per position. The internal distribution of the MAP2 explosive material must be
known to study the relation with the variations that occur in the signals intensity A(x) and
B(x).
An application that must be investigated is the use of the TNBT experimental setup
to identify the soil type and the soil water content. The value of YB also can be used to
determine both characteristics.
Objects with different sizes must be studied, this is possible in a specialized field for
explosives detection. A TNBT prototype must be tested to locate buried objects. Tests
in specialized fields will allow to determine variables that have not been considered in the
laboratory.
This work has shown the TNBT characteristics to identify and locate buried objects in
farming soil. In combination with the results obtained in previous works is possible the
construction and evaluation for a prototype device using the geometrical criteria that was
reported, like number of detectors per array and distance between detectors array. It is
necessary to carry out tests in specialized fields for humanitarian demining.

















































Figure 4.10: TNBT response to changes in the depth d = 0 cm for MAP2. a) Total counts
in the array A(x). Gray line corresponds to background intensity YB. b) Counts difference
D(x).

















































Figure 4.11: TNBT response to changes in the depth d = 5 cm for MAP2. a) Total counts
in the array A(x). Gray line corresponds to background intensity YB. b) Counts difference
D(x).




















































Figure 4.12: TNBT response to changes in the depth d = 10 cm for MAP2. a) Total counts




• Figure 4.1 shows that for a given number of detectors, the number of counts is a
distinctive characteristic for the intensity YB. Figure 4.2 shows that the intensity YB
is proportional to the number of detectors per array. In the experiments with a buried
object the value of YB is considered as the reference to characterize the intensity Y0
(see Figure 3.8).
• For this work the buried objects are the DLM2 and MAP2 (both described in Section
3.2). Figure 4.3 and Figure 4.4 show that the signal variation occurs in the intensity of
Y0 when the buried object is present. It is observed that the response is proportional
to the number of detectors. In the case of MAP2 the intensity signals A(x) and B(x)
are lower than signals obtained for DLM2 in positions near to x0. The intensity D(x)
is proportional to the number of detectors per array for both DLM2 and MAP2. The
objects location are possible using different number of detectors per array.
• Figure 4.5 shows that for a given distance a, the number of counts is a distinctive
characteristic for the intensity YB. Figure 4.6 shows that intensity YB is inversely
proportional to the distance a. The reference value is the number of total counts
registered when a = 3.5 cm. For a = 8.6 cm the intensity YB decrease approximately
15% respect to the reference value. For a = 13.7 cm, YB decrease 20% respect to
reference value.
• Figure 4.7 and Figure 4.8 show the response of both arrays A and B for DLM2 and
MAP2. The response is inversely proportional to the distance a between detectors
array. For a smaller distance a between the detectors array there is a greater intensity
of the signals A(x) and B(x). The intensity D(x) is inversely proportional to the
distance a between detectors array for both DLM2 and MAP2. The objects location
are possible using different number of detectors per array.
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• In the presence of any object the minimum value of Y0(x) is not equal to the YB(x) for
both DLM2 and MAP2. The comparison for the signals obtained for DLM2 and MAP2
indicates the differences of the objects. DLM2 is a well characterized object because
was manufactured for this type of test. However, the MAP2 is not a characterized
object. The results obtained indicates that the average number of low-Z elements in
the MAP2 is lower than the same average in soil. Because of this, the number of
thermalized neutrons are lower around the MAP2 than anywhere else. This explain
the lower intensity for A(x) and B(x) near to position x0.
• This work has shown the TNBT characteristics to identify and locate buried objects
in farming soil. In combination with the results obtained in previous works is possible
the construction and evaluation for a prototype device using the geometrical criteria
that was reported, like number of detectors per array and distance between detectors
array. It is necessary to carry out tests in specialized fields for humanitarian demining.
• Objects with different sizes must be studied, this is possible in a specialized field for
explosives detection. A TNBT prototype must be tested to locate buried objects. Tests
in specialized fields will allow to determine variables that have not been considered in
the laboratory.
• An application that must be investigated is the use of the TNBT experimental setup




The Research and Extension Division of Universidad Nacional de Colombia support the
development of research work through the Convocatoria del programa nacional de proyectos
para el fortalecimiento de la investigación, la creación y la innovación en posgrados de la
Universidad Nacional de Colombia 2013-2015, Modalidad 3: Proyectos de investigación,
creación o innovación en desarrollo. Hermes code 28402 and QUIPU code 2010100-23431.
The support consist of COP$10 000 000. This resources were used in different aspects.
• The experimental setup was implemented by automating the motion of the array of
detectors using a coordinate table (similar in operation to a CNC) that was designed
and installed by an expert technician of the Nuclear Physics Group .
• The adaptation of the data acquisition system was performed.
• Laboratory installations were adapted for experiments with farming soil and sand.
• The prototype and specifications regarding the number of detectors per array and the
distance between them were determined on the basis of optimal use of the elements
available in the laboratory
Experimental setup and laboratory equipment
The LFNA has an experimental setup that allows laboratory testing of the prototype, shown
by parts in Fig. A.1. In the mechanical part, an aluminum structure was built to support
neutron detectors in the different configurations. The structure is complemented by a coordi-
nate table that allows the automation of the movement of the experimental setup optimizing
the development of the experiments and prioritizing the criteria of radiological protection
for the experimentalists reducing the time and increasing the distance of exposure.
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Figure A.1: TNBT Experimental setup used in laboratory tests.
Electronic modules and electronic devices (computers, UPS, NIM rack and NIM modules)
used to control the coordinate table was adecuated. The motors needed to perform the
movement of the coordinate table, which allow greater control over the movement and the
possibility of reproducing the movement of the prototype, is shown in Figure A.2.
Figure A.2: Electronic devices (computers,
UPS, NIM rack and NIM modules) associ-
ated with data acquisition, movement and
TNBT motion control (motors) for experi-
mental setup.
Other equipment acquired:
• A industrial mixer to prepare the soil with different water content.
• Separation of work areas to avoid damage of electronic modules and other laboratory
equipment by the dust and constant soil (sand and farming soil) movement.
• Adequacy of laboratory lighting.
• Technical advice and metalworking, including the assembly of the new experimental
structures.
Figure A.3 shows the laboratory schematic plane. The wooden box filled with farming
soil and sand are close, distance between the boxes is 50 cm. The TNBT experimental setup
moves along a path parallel to the soil surface (red lines indicate the movement directions).
49
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Laboratory walls and bulding
structural girders.
Wooden box filled with farming soil.






Figure A.3: Laboratory schematic plane.
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APPENDIX B
Instrumentation Datasheets
In Chapter 3 a short description of specific details of our equipment was presented. This
Appendix include the follow technical documents:
1. Californium-252 spontaneous fission neutron sources datasheet.
2. Cylindrical 3He neutron detectors, LND 252228.

























Californium-252 decays by D-emission and spontaneous fission 
emitting neutrons. 
 
Half-life (D-decay): 2.73 years 
 
Half-life (spontaneous fission): 85.5 years 
 
Half  life (effective): 2.645 (± 0.008) years 
 
Neutron emission: 2.3 x 109n/s per mg Cf-252 
 
Average neutron energy: ~2MeV 
 
Equilibrium J-exposure rate 
(from unshielded source): ~Air kerma rate at 1m of  
1.4mGy/h per mg of  Cf-252 
  (1.6x102mR/h at 1m /mg Cf-252) 
 
Neutron dose rate: ~23mSv/h at 1m /mg of  Cf-252 
  (~2.3rem/h at 1m /mg of  Cf-252) 
 
Specific activity: ~20GBq/mg Cf-252 






Californium-252 is in the form of  a cermet† of  californium oxide 
and palladium metal, or as a refractory composite material. Low 
activity sources (<1Pg) may contain a Cf-252 compound 






High activity sources are doubly encapsulated in welded stainless 
steel or zircalloy capsules. 
 
Nominal  Nominal activity*       Emission    Capsule    Product 
content                             code  
Cf-252                                            n/s 
 
 0.01Pg 0.2MBq 5PCi 0.023 x 106 X.1 CVN101 
 0.1Pg 2MBq 54PCi 0.23 x 106 X.1 CVN1 
 0.5Pg 10MBq 268PCi 1.15 x 106 X.1 CVN2 
 1.0Pg 20MBq 536PCi 2.3 x 106 X.1 CVN3 
 2.0Pg 40MBq 1.07mCi 4.6 x 106 X.1 CVN4 
 5Pg 100MBq 2.7mCi 1.15 x 107 X.1 CVN5 
 10Pg 200MBq 5.4mCi 2.3 x 107 X.1 CVN6 
 20Pg 400MBq 10.7mCi 4.6 x 107 X.1 CVN7 
 50Pg 1GBq 27mCi 1.15 x 108 X.1 CVN10 
 100Pg 2GBq 54mCi 2.3 x 108 X.1 CVN11 
 200Pg 4GBq 107mCi 4.6 x 108 X.1 CVN12 
 
 




Spectrum reproduced by courtesy of  LORCH, E.A. 









































Safety performance testing 
 
ANSI/ ISO classification       IAEA special form  US-Model number 
              
 
C66544  YES CVN.CY2 
 




Weld validation is accomplished by taking pre-production weld 
sections prior to all production batches. 
Wipe Test I, Immersion Test II 
Bubble Test III and/or Helium leak test 
 
 
†A cermet is a composite material containing both ceramic and 
metallic materials. 
B15
Hong Kong: AEA Technology QSA, Room 3503, 35/F - China Resources Building 
26 Harbour Road, Wanchai - Phone No: + 852 2596-7711 
Germany: AEA Technology QSA GmbH, Gieselweg 1, 38110 Braunschweig - Phone No: +49 (0)5307 9320 
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III UNIANDES Particle Detector School. September, 2016
Poster title: Neutron detector arrays used in the Thermal Neutron Backscattering Technique:
nuclear techniques for humanitarian demining.
In this event the poster was selected as “the best poster presentation”.
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XI Latin American Symposium on Nuclear Physics and Applications–
LASNPA, November and December, 2015
Conference title: Neutron detector arrays used in the Thermal Neutron Backscattering Tech-
nique.
Second Andean School on Nuclear Physics. October, 2014
Poster title: Neutron detector arrays used in the Thermal Neutron Backscattering Technique.
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XVIII Escola de Verão Jorge André Swieca de F́ısica Nuclear Ex-
perimental. January and February, 2014
Poster title: Optimization for the slow neutron detector arrays used in the Thermal Neutron
Backscattering Technique.
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